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The phenomena of c o a l  p y r o l y s i s  and hydropyrolysis  have become of consider-  
a b l e  i n t e r e s t  i n  r e c e n t  years  because of t h e i r  s i g n i f i c a n c e  i n  t h e  e f f i c i e n t  
conversion of c o a l s  t o  c lean  f u e l s .  The proposed hydropyrolysis  commercial 
r e a c t o r s  a r e  u s u a l l y  based on t h e  en t ra ined  flow concept i n  which c o a l  p a r t i c l e s  
are r a p i d l y  heated i n  a d i l u t e  phase by mixing with h o t  hydrogen (or  a gas  
mixture  r i c h  i n  hydrogen). 
be obtained i n  such r e a c t o r s  by manipulat ing temperature ,  res idence  t ime,  and 
o t h e r  opera t ing  parameters .  Mathematical models i n c o r p o r a t i n g  hydrodynamics, 
c o a l  k i n e t i c s ,  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s ,  e t c .  are needed f o r  understanding 
t h e  inf luence  of des ign  v a r i a b l e s ,  feed m a t e r i a l s ,  and process  condi t ions  on 
t h e  r e a c t o r  performance. The l i t e r a t u r e  i s  lacking  i n  c o a l  hydropyrolysis  
en t ra ined  flow r e a c t o r  models. Such a model has  been developed i n  t h i s  s tudy .  

Mathematical Formulation 

system considered is an en t ra ined  flow hydropyrolysis  r e a c t o r .  Pulver ized c o a l  
mixes with t h e  hot  gas feed a t  the  r e a c t o r  entrance.  A s  c o a l  p a r t i c l e s  a r e  
c a r r i e d  by t h e  g a s ,  t h e i r  temperature i n c r e a s e s  and hydropyrolysis  takes  p lace .  

A wide v a r i a t i o n  i n  t h e  product  d i s t r i b u t i o n  can 

A one-dimensional mathematical model has been formulated here .  The phys ica l  

The s i n g l e  c o a l  p a r t i c l e  hydropyrolysis  k i n e t i c  model used i n  t h i s  s tudy 
The model i s  pr imar i ly  based on Johnson's k i n e t i c  i s  descr ibed by Goyal (1). 

model ( 2 ,  3 ,  4 )  supplemented by Suuberg's k i n e t i c  model ( 5 )  f o r  rap id  r e a c t i o n s .  
I n  t h i s  model, t h e  coa l  i s  assumed t o  c o n s i s t  of e leven  s o l i d  spec ies  while  t h e  
gas of n ine  s p e c i e s  (Table 1 ) .  Gaseous s p e c i e s  (CH,), r e p r e s e n t s  gaseous heavy 
hydrocarbons while  (cHM)b r e p r e s e n t s  vaporized o i l s  and t a r s .  

The k i n e t i c  model has  been combined h e r e  with r e a c t o r  flow model and h e a t  
and mass t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  m u l t i p a r t i c l e  system t o  d e r i v e  a r e a c t o r  
model. Because of t h e  s i g n i f i c a n t  amount of c o a l  weight l o s s  and gas  genera t ion  
i n  such systems, hydrodynamics may a l s o  be very  important .  
descr ib ing  t h e  system a r e  given i n  Table 2 .  I n  t h i s  formula t ion ,  i t  is assumed 
t h a t  t h e  hea t  of r e a c t i o n  of t h e  sol id-gas  phase r e a c t i o n  a f f e c t s  t h e  s o l i d  
temperature only whi le  t h a t  of occur r ing  s o l e l y  i n  t h e  g a s  phase a f f e c t s  t h e  
gas phase temperature  only.  Also,  t h e  e x t e n t  of swel l ing  of t h e  c o a l  p a r t i c l e s  
i s  d i r e c t l y  propor t iona l  t o  t h e  e x t e n t  of d e v o l a t i l i z a t i o n .  Furthermore, t h e  
expression g iv ing  t h e  g a s i f i c a t i o n  r a t e  of t h e  s o l i d  s p e c i e s  CHx (semichar) i s  
somewhat complex. This  rate is  dependent on t h e  time-temperature h i s t o r y  of t h e  
p a r t i c l e  and involves  a double  i n t e g r a t i o n .  The mathematical manipulat ion 
performed t o  s i m p l i f y  t h e  complexity r e s u l t e d  i n t o  s e v e r a l  a d d i t i o n a l  d i f f e r e n t i a l  
equat ions ,  t h e  d e t a i l s  of which a r e  given by Goyal ( 1 ) .  

The equat ions 

The s o l i d  s p e c i e s  product ion rate (Si) i s  given by equat ion  (18). The gas  
s p e c i e s  product ion r a t e s  can be r e l a t e d  t o  t h e  s o l i d  s p e c i e s  product ion r a t e s  (1). 

Furthermore, c o a l  hydrogenation experiments i n  t h e  labora tory  are o f t e n  
c a r r i e d  out i n  h e l i c a l  r e a c t o r s  ( 4 ,  6 ) .  The r e l a t i o n s h i p  between t h e  p a r t i c l e  
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and t h e  gas  v e l o c i t y  is o f t e n  r e p r e s e n t e d  i n  terms of a s l i p  v e l o c i t y  f a c t o r  ( $ s ) .  
I n  such r e a c t o r ,  t h e  c e n t r i f u g a l  f o r c e s  a r e  o f t e n  more important  than g r a v i t a t i o n a l  
f o r c e .  
s o l i d s  t o  gas r a t i o ,  p a r t i c l e  s i z e ,  g a s  v e l o c i t y ,  e t c .  

This  s l i p  v e l o c i t y  f a c t o r  depends on t h e  tube  d iameter ,  h e l i x  d iameter ,  
Thus f o r  h e l i c a l  r e a c t o r s :  

D(vs) = 9,D(vg) 

This  equat ion r e p l a c e s  equat ion  (5) i n  Table 2 .  

This  s e t  of equat ions (Table  2)  a l s o  r e q u i r e s  a l a r g e  number of a u x i l i a r y ,  
a l g e b r i c  equat ions as  component model p a r t s ;  f o r  example r e l a t i o n s h i p s  f o r  f s ,  f w ,  
hgp, hgw, E ~ ~ ! ,  e t c .  
d e t a i l s  a r e  given by Goyal ( 1 ) .  

These r e l a t i o n s h i p s  a r e  taken from t h e  l i t e r a t u r e  and t h e  

Furthermore, t h e  model has  been developed here  f o r  c o a l  hydropyro lys is .  
Nevertheless ,  t h e  formula t ions  and t h e  method of s o l u t i o n  a r e  f l e x i b l e  and can 
be  e a s i l y  manipulated f o r  o t h e r  e n t r a i n e d  flow g a s i f i e r s ,  f o r  example, pea t  
g a s i f i c a t i o n .  

Solu t ion  Methodology 

The en t ra ined  f low hydropyrolys is  r e a c t o r  has been modeled i n  t h e  preceding 
s e c t i o n  by a set of f i f t y  t h r e e  s imultaneous nonl inear  f i r s t  o rder  ord inary  
d i f f e r e n t i a l  equat ions .  The s o l u t i o n s  t o  t h e  formulat ions a r e  sought i n  t h e  form 
of t i m e  h i s t o r i e s  of q u a n t i t i e s  such as p a r t i c l e  and gas temperature ,  t h e i r  
compositions, v e l o c i t i e s ,  d e n s i t i e s ,  and o t h e r  der ived q u a n t i t i e s  such a s  
conversion e t c .  T h i s  system of equat ions  i s  very s t i f f  p r imar i ly  due t o  t h e  
high temperature dependence of v a r i o u s  hydropyrolysis  r e a c t o r  r a t e s  ( 1 ) .  A 
computer program based on i m p l i c i t  backward d i f f e r e n t i a t i o n  formulas of orders  
one through f i v e  (Gear 's  method) has  s u c c e s s f u l l y  been used here  i n  so lv ing  
t h i s  set of s t i f f  equa t ions .  

Comparison With Experimental Data 

hydropyrolysis  of Montana Rosebud subbituminous c o a l ,  Western Kentucky No. 9/14 
bituminous c o a l ,  and North Dakota l i g n i t e .  Experiments were conducted i n  a 
bench-scale system of 2-4 l b / h r  nominal capac i ty  entrained-downflow t u b u l a r  
r e a c t o r .  D i f f e r e n t  types  of r e a c t o r s  ( f r e e  f a l l ,  v e r t i c a l l y - e n t r a i n e d ,  
h e l i c a l l y - e n t r a i n e d )  were used i n  t h i s  s tudy .  The r e a c t o r  was mounted i n s i d e  
an e l e c t r i c  furnace  designed f o r  i so thermal  opera t ion .  
c o a l  were mixed i n s i d e  a h igh-ve loc i ty  c o a x i a l  i n j e c t o r  nozz le  loca ted  near  
t h e  en t rance  t o  produce very  high h e a t i n g  r a t e s .  The coal-hydrogen mixture  
moved t o  t h e  r e a c t o r  o u t l e t  where i t  was quenched t o  below 1000°F d i r e c t l y  by 
a stream of cryogenical ly-cooled hydrogen, which terminated r e a c t i o n s .  A more 
d e t a i l e d  d e s c r i p t i o n  of t h e  r e a c t o r  system has been given by Hamshar e t  a l .  (7). 

C i t i e s  Serv ice  Research and Development Company has performed s t u d i e s  on t h e  

Preheated hydrogen and 

The r e a c t o r  and c o a l  types ,  f low rates, and opera t ing  condi t ions  used i n  
d i f f e r e n t  test runs have been summarized along wi th  experimental  r e s u l t s  by 
Cities Serv ice  Research and Development Co. ( 6 ) .  Operat ing condi t ions  were 
var ied  i n  t h e  nominal ranges of 1400°-17000F r e a c t o r  temperature ,  34-170 atm 
r e a c t o r  p r e s s u r e ,  0.18-1.3 hydrogen/coal weight r a t i o ,  and 0.3-25 s e c  vapor 
res idence t i m e .  A few runs  u t i l i z e d  a 78/22 ( v o l . )  mixture  of hydrogen/ 
methane feed  gas;  t h e  remainder used high p u r i t y  hydrogen. 
temperature  w a s  measured by a series of removable s k i n  thermocouples tacked along 
t h e  w a l l  of t h e  r e a c t o r .  
been repor ted .  Ins tead ,  t h e  mix temperature ,  maximum gas  temperature  and 
equiva len t  i so thermal  temperature  f o r  each run have been repor ted .  

The r e a c t o r  

However, these  measured temperature p r o f i l e s  have not  
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A t o t a l  of twenty-one runs having good carbon and ash ba lance  c losures  have 
The opera t ing  condi t ions  f o r  t h e s e  runs are given been simulated i n  t h i s  s tudy .  

by Goyal (1). The c o a l  feed i n  t h e s e  runs w a s  d r y .  Also, s e v e r a l  of t h e i r  tests 
were conducted i n  h e l i c a l  c o i l  r e a c t o r s .  Oko et  a l .  (8) from C i t i e s  Service 
have r e c e n t l y  repor ted  t h e  r e s u l t s  of a h e l i c a l  g l a s s  cold-flow study.  
appara tus ,  average p a r t i c l e  v e l o c i t i e s  were measured i n  t h e  same flow regimes 
t h a t  were experienced i n  t h e  bench-scale hydropyrolysis  appara tus .  
empir ica l  equat ion was der ived  t o  es t imate  t h e  s l i p  v e l o c i t y  f a c t o r :  

I n  t h i s  

The fo l lowing  

- - -  
$s  = vs/v = 1 - ko RegPRcq (DH/Dt)r 

g 
where ko, p, q ,  and r a r e  empir ica l  cons tan ts .  

Several  important r e a c t o r  performance parameters  have been compared h e r e  i n  
Figure 1 shows a comparison of c a l c u l a t e d  and experimental  Figures  1 through 4 .  

carbon conversion f o r  d i f f e r e n t  types  of c o a l s .  
computer model c a l c u l a t i o n s  agreed q u i t e  c l o s e l y  with t h e  a c t u a l  experimental  
r e s u l t s .  Figure 2 compares t h e  pred ic ted  moisture-ash-free (MAF) coa l  conversions 
with the  experimental va lues  of these  conversions.  The comparison i s  q u i t e  good; 
however, the  model somewhat underpredic t s  t h i s  coa l  conversion.  This  i s  
pr imar i ly  due t o  t h e  f a c t  t h a t  Johnson's model a l lows  f o r  only 89% of c o a l  oxygen 
evolu t ion  whereas t h e  experimental  oxygen evolu t ion  i s  approximately 97%. 
t h i s  a d d i t i o n a l  oxygen were allowed t o  evolve,  then t h e  pred ic ted  coa l  conversion 
would increase  by approximately 1.5%. This  would r e s u l t  i n  an e x c e l l e n t  
comparison. 

A s  seen from t h i s  f i g u r e ,  t h e  

I f  

Figure 3 compares t h e  pred ic ted  carbon conversion t o  l i g h t  hydrocarbons 
methane + ethane with experimental va lues .  The predic ted  methane + e thane  y i e l d  
i s  somewhat h igher .  The comparison of carbon oxides  y i e l d  i s  shown i n  Figure 4 .  
The model underpredic t s  t h l s  y i e l d .  Again, i t  i s  probably because Johnson's 
model allows f o r  only 89% c o a l  oxygen removal whi le  repor ted  c o a l  oxygen removal 
i s  i n  the  range of 95% t o  100%. 

A s  mentioned e a r l i e r ,  t h e  model i s  capable  of p r e d i c t i n g  time h i s t o r i e s  of 
q u a n t i t i e s  such as conversions,  p a r t i c l e  and gas  tempera tures ,  t h e i r  flow r a t e s ,  
compositions, v e l o c i t i e s ,  e t c .  As an example, some of t h e  important r e a c t o r  
v a r i a b l e s  have been summarized ( a s  a func t ion  of r e a c t o r  length)  i n  Figures  5 t o  
7 f o r  Run No. KB-5 with Western Kentucky bituminous c o a l  feed.  In  t h i s  test ,  
a 1 7 . 7  f t  long and 0 . 2 6  inch I D  r e a c t o r  w a s  operated a t  1557OF (EIT) and 1500 
p s i a  hydrogen pressure .  The s u p e r f i c i a l  gas  v e l o c i t y ,  vapor res idence  time 
and hydrogen/coal weight r a t i o  were 1 2 . 3  f t / s e c ,  1.44 s e c ,  and 1 .17  r e s p e c t i v e l y .  
The wall temperature  w a s  assumed t o  be 1581°F which is  t h e  average of repor ted  
maximum r e a c t o r  temperature  and EIT. The d a t a  p o i n t s  shown i n  t h e s e  f i g u r e s  a r e  
t h e  a c t u a l  experimental  r e s u l t s  a t  t h e  r e a c t o r ' s  e x i t .  

Figure 5 shows carbon and MAF c o a l  conversions as a func t ion  of r e a c t o r  
length .  As seen from t h e  f i g u r e ,  a s i g n i f i c a n t  conversion (12% t o  14%) t a k e s  
p lace  wi th in  0.1 f t  r e a c t o r  length .  
shown on a log s c a l e ,  which al lows t o  show t h e  s i g n i f i c a n t  conversions occurr ing  
i n  t h e  extremely s h o r t  d i s t a n c e  near  t h e  en t rance .  
is a l s o  c a l c u l a t e d  by t h e  model and is shown a t  t h e  t o p  of t h e  graph. 

Note t h a t  t h e  r e a c t o r  length  has  been 

The p a r t i c l e  res idence  time 

Figure 6 s h o w s  t h e  carbon conversion t o  d i f f e r e n t  s p e c i e s  over  t h e  length of 
t h e  r e a c t o r .  It shows t h a t  o i l  is evolved f i r s t  and very r a p i d l y .  Again, log 
s c a l e  has  been used t o  represent  t h e  r e a c t o r  length .  
composition over  t h e  r e a c t o r  l e n g t h  is shown i n  F igure  7. 
gas was used i n  t h i s  test and 96% of t h e  e x i t  product  gas  was hydrogen. 
SO because excess  amount of hydrogen was used i n  t h i s  run. 

The change i n  the  gas  
Pure hydrogen feed 

This  is 
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The mathematical model developed h e r e  has been used s u c c e s s f u l l y  t o  
d e s c r i b e  t h e s e  hydropyrolys is  r e a c t o r s .  
experimental  and predic ted  r e a c t o r  performances a r e  a t t r i b u t a b l e  t o  inadequacies 
i n  model formula t ion ,  u n a v a i l a b i l i t y  of experimental  d a t a  p a r t i c u l a r l y  reac tor  
w a l l  temperature  p r o f i l e s ,  and u n c e r t a i n t i e s  i n  t h e  experimental  d a t a .  / 

Reasons f o r  smal l  d i screpancies  i n  

A d e t a i l e d  parametr ic  s tudy  has been performed us ing  t h i s  model t o  i d e n t i f y  
important r e a c t o r  parameters  f o r  t h e  des ign  of commercial en t ra ined  flow 
hydropyrolysis  r e a c t o r s .  The r e s u l t s  a r e  given elsewhere ( 1 ) .  
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Nomenclature 

The a u t h o r s  a r e  g r a t e f u l  t o  D r .  S. Weil f o r  providing many h e l p f u l  suggestions 

Contact a r e a  between s o l i d s  and gas  per  u n i t  r e a c t o r  volume 

Number of carbon atoms p e r  mole of gas  s p e c i e s  (CHzIa 

Reactor c r o s s - s e c t i o n a l  a r e a  

Number of carbon atoms per  mole of gas  s p e c i e s  (CHpf)b 

Rate of gas  s p e c i e s  j going  from s o l i d  phase t o  gas  phase ( i . e .  c ross ing  
boundary) per  u n i t  r e a c t o r  volume 

F r a c t i o n a l  coa l  conversion (moisture-free)  

F r a c t i o n a l  c o a l  conversion (moisture-ash-free) 

Heat c a p a c i t y  of gas s p e c i e s  j 

Heat c a p a c i t y  of s o l i d  s p e c i e s  i 

Der iva t ive  wi th  r e s p e c t  t o  d i s t a n c e  along r e a c t o r  (x) 

Hel ix  diameter  

P a r t i c l e  diameter  

Reactor diameter  

Drag f o r c e  exer ted  by f l u i d  on t h e  p a r t i c l e s  per  u n i t  volume of p a r t i c l e s  

F r i c t i o n a l  f o r c e  between t h e  gas  and t h e  w a l l  of t h e  r e a c t o r  

Sol ids  flow rate per  u n i t  r e a c t o r  c ross -sec t iona l  a r e a  

G r a v i t a t i o n a l  a c c e l e r a t i o n  

Conversion f a c t o r  ( 3 2 . 2  lbm-f t / sec2/ lbf )  

Gas f low rate per  u n i t  r e a c t o r  c r o s s - s e c t i o n a l  a r e a  

Tota l  en tha lpy  of gas  s p e c i e s  j 

Overal l  heat  t r a n s f e r  c o e f f i c i e n t  between g a s  and s o l i d  p a r t i c l e  

Overal l  hea t  t r a n s f e r  c o e f f i c i e n t  between gas  and w a l l  

Tota l  enthalpy of s o l i d  s p e c i e s  i 

Rate of gaseous hydrogen r e a c t i n g  with s o l i d  phase per  u n i t  r e a c t o r  volume 

Wall h e a t  l o s s e s  f r o n  r e a c t o r  p e r  u n i t  r e a c t o r  l e n g t h  (due t o  convect ion 
between gas  and wal l )  
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H l s a  

M 

Total  wal l  hea t  l o s s e s  from r e a c t o r  p e r  u n i t  r e a c t o r  l e n g t h  per  u n i t  
r e a c t o r  c ross -sec t iona l  a r e a  

Atomic r a t i o  of hydrogen t o  carbon i n  o i l s  and t a r s  ( a l s o  i n  s p e c i e s  CHK) 

!. 

\ M j  Molecular weight of gas  s p e c i e s  j 

p Total  r e a c t o r  pressure  

Qash 
R Universal g a s  cons tan t  

R, 
Reg Gas Reynolds number 

R i  

( S i ) s  Mass r a t e  of s o l i d  s p e c i e s  i produced p e r  u n i t  r e a c t o r  volume 

( S j ) g  Mass r a t e  of gas  s p e c i e s  j produced per  u n i t  r e a c t o r  volume 

Ash flow r a t e  p e r  u n i t  r e a c t o r  c ross -sec t iona l  a r e a  

Char t o  gas weight r a t i o  

Reaction r a t e  ( d < i / d t )  f o r  ith r e a c t i o n  

vg 

"R 

1: 

V S  

X 

I 

X 

Y 

Yj 
Z 

Time 

Gas temperature  

Sol ids  temperature  

Wall temperature  

Gas v e l o c i t y  

Sol ids  v e l o c i t y  

Ratio of p a r t i c l e  volume a t  anytime t o  i t s  i n i t i a l  volume 

Distance along r e a c t o r  

Atmoic r a t i o  of hydrogen t o  carbon i n  s p e c i e s  C& (semichar) 

Atmoic r a t i o  of hydrogen t o  carbon i n  species CHy ( f i n a l  product char )  

Mass f r a c t i o n  of gas  s p e c i e s  j 

Atmoic r a t i o  of hydrogen t o  carbon i n  hydrocarbon gases  o t h e r  than 
CH4 and C2H6 ( a l s o  i n  s o l i d  s p e c i e s  CH,) 

Angle between h o r i z o n t a l  l i n e  and t h e  r e a c t o r  a x i s  

Gas res idence  time 

Sol ids  res idence  t i m e  

Ash d e n s i t y  

Ash d e n s i t y  of raw c o a l  

Gas d e n s i t y  

Sol ids  d e n s i t y  

Voidage 

E f f e c t i v e  e m i s s i v i t y  

Stephen-boltzman cons tan t  

Swelling parameter 

61 



si 
sio 
wC$ Maximum l b s  of CHy t h a t  can b e  formed p e r  l b  of ash  (equat ion 21)  

w i o  Lbs of  s o l i d  s p e c i e s  i i n  r a w  c o a l  p e r  l b  of ash  ( i  # CHy) 

@s S l i p  v e l o c i t y  f a c t o r  def ined  as t h e  r a t i o  of s o l i d s  v e l o c i t y  t o  gas  ve loc i ty  

Subscr ipt  

i Refers  t o  s o l i d  s p e c i e s  

j Refers  t o  gas  s p e c i e s  

Fract ion of s o l i d  s p e c i e s  i n o t  y e t  g a s i f i e d  ( i  # CHy) 

= 1 f o r  i # CH,, 
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Table 1. Sol id  and G a s  Species  

Sol id  Species  Gas Species  

1. HOH 1. co 

2 .  0.0 2 .  co2 

3 .  OH 3 .  H2 

4 .  co 4 .  H 2 0  

5. coo 5. CH4 

6. CHH 6 .  C2H6 

7 .  CHZ 7 .  ( C H Z ) a  

8. C s  8.  ( C s ) b  

9. CHx 9 .  I n e r t  gas  

10. CH 
Y 

11. Ash 

Table 2. D i f f e r e n t i a l  Equations Model 

T o t a l  Sol ids  Mass Balance: D[(l-E)psvsl = E(Si)s = D(F) 1) 

Sol ids  Species Balance: D(Qashwi"Si) = (Si)s 3)  

T o t a l  Gas Mass Balance: D ( E  p v ) = Z(S . )  = D ( G )  2 )  g g  1 g  

Gas Species  Balance: D(E p v y.) = ( S . )  4 )  g g 1  1 g  

C o n s t i t u t i v e  Equation f o r  t h e  Mixture: (Ref. 9 )  
- v S ) l  = fs /ps  - g s i n  e 5) 

Mixture Momentum Balance: gcD(P) = (v  - V ~ ) Z ( S ~ ) ~  - ( l - ~ ) p ~ v ~ D ( v ~ )  

- E  P v D(v ) - f - [~,(l-s)+p EI g s i n  e 
g 

6) 
g g  g w g 

Sol ids  Density: D(ps) = DIZ(wio~i)pa~h/VRl 7) 

Gas Density: D(pg) = D[(P/RT g )(Zy./M.)-'] 1 1  8) 
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Table 2 .  D i f f e r e n t i a l  Equations Model (cant.) 

S o l i d s  Phase Energy Balance: D(T ) = - (-HZgs) (hgH ) T  + L(B.)(hgj)Ts + 3 2 g  

4 4  
h 

X ( w i o  (hsi)T D ( S , ) ] / [ Z ( W ~ " S ~ C ~ ~ ~ ) ]  

g 

a(Ts - T ) - 4aBcapp(Tw - TS )/Dt)/Qash + 
gP g 

s 

Gas Phase Energy Balance: D(T ) = [(-H 2 g s ) ( h g H 2 ) ~ s  + UBj)(hgj)TS + 

h a(Ts - T )-Hls/A -L(h ) ( S . )  l/[Z(Gy.C ) I  
gP g gj Tg 3 g J pgj 

F r a c t i o n a l  Coal Conversion: D(C) = D ~ l - Z ( w i o ~ i ) / Z ( w i o S i o ) ~  

= D[-Z(Si)S/{ QashC(wioSio) 

3 
P a r t i c l e  R e l a t i v e  Volume: 

Average P a r t i c l e  Diameter: 

Gas Residence Time: 

P a r t i c l e  Residence Time: 

T o t a l  Heat Loss :  

Useful Algebric Equations: 

D(VR) = DC(1 + ySCaf) 1 

D(D ) = (D /3VR)D(VR) 
P P 

D(e ) = l / v g  
g 

D(es) = l / v s  
4 4  

D(Hlsa) = Hls/A - 40 E B app(Tw - Ts ) / D t  

= -L(S . )  
3 g  . 

(s i )s  = (l-E)PashWiOKi 

Qash = ( 1 - c ) ~ ~ ~ ~ ~ ~  

G = E P V  
K 

g g  

CH " Y ('CHy'%Hp)WCHx 

Hls = nDthgw(Tg - T,) 

Caf = CCX(Wi"Ci")/C I (w,"~,")-l}I 
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Figure  1. Comparison of Experimental 
and Predicted Carbon Conversion 
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Figure  2 .  Comparison of Experimental 
and Predicted Moisture-Ash-Free Coal 
Conv er s i on  
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Figure  3 .  Comparison of Experimental 
and Predic ted  Methane + Ethane Yie lds  
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Figure 4 .  Comparison of Experimental 
and Predic ted  Carbon Oxides (CO + C02) 
Yie lds  
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Figure  5. Carbon and Moisture-Ash-Free Coal 
Conversions a l o n g  Reactor Length 
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Figure 6 .  
t o  D i f f e r e n t  S p e c i e s  a long  Reactor Length 

D i s t r i b u t i o n  of T o t a l  Carbon Conversion 
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Figure 7 .  Gas Composition along Reactor Length 
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